Background. The MYC family of proteins promotes neuroblastoma tumorigenesis at least in part through the induction of aerobic glycolysis by promoting the transcription of key glycolytic enzymes, such as LDHA. FX11 is a selective inhibitor of LDHA that has demonstrated preclinical efficacy in adult cancers. Herein, we hypothesized that FX11 would inhibit aerobic glycolysis and block growth of neuroblastoma cells. Methods. We surveyed 3 MYCN-single copy and 5 MYCN-amplified neuroblastoma cell lines to correlate C-MYC/N-MYC protein levels with LDHA expression. Cell viability was measured with FX11 using a tetrazolium-based assay. Cell cycle analysis using propidium iodide with flow cytometry was performed to evaluate for growth arrest. Immunoblotting demonstrated PARP and Caspase 3 cleavage as evidence of apoptosis. Results. LDHA is frequently expressed in both MYCN--amplified and MYCN-single copy cell lines. N-MYC and C-MYC protein levels did not correlate with LDHA protein expression. FX11 inhibits aerobic glycolysis and growth in three MYCN-amplified and one MYCN-single copy neuroblastoma cell lines. FX11 induces modest G1 cell cycle arrest with selective induction of apoptosis. Conclusion. Small molecule LDHA inhibition is capable of blocking aerobic glycolysis and growth of neuroblastoma cell lines in vitro and merits further in vivo evaluation of its preclinical efficacy in neuroblastomas. (Surgery 2017;161:747-52.) 
Background. The MYC family of proteins promotes neuroblastoma tumorigenesis at least in part through the induction of aerobic glycolysis by promoting the transcription of key glycolytic enzymes, such as LDHA. FX11 is a selective inhibitor of LDHA that has demonstrated preclinical efficacy in adult cancers. Herein, we hypothesized that FX11 would inhibit aerobic glycolysis and block growth of neuroblastoma cells. Methods. We surveyed 3 MYCN-single copy and 5 MYCN-amplified neuroblastoma cell lines to correlate C-MYC/N-MYC protein levels with LDHA expression. Cell viability was measured with FX11 using a tetrazolium-based assay. Cell cycle analysis using propidium iodide with flow cytometry was performed to evaluate for growth arrest. Immunoblotting demonstrated PARP and Caspase 3 cleavage as evidence of apoptosis. Results. LDHA is frequently expressed in both MYCN--amplified and MYCN-single copy cell lines. N-MYC and C-MYC protein levels did not correlate with LDHA protein expression. FX11 inhibits aerobic glycolysis and growth in three MYCN-amplified and one MYCN-single copy neuroblastoma cell lines. NEUROBLASTOMAS are the most common extracranial pediatric solid tumors and account for a disproportionate (;15%) amount of all pediatric cancer-related deaths. 1, 2 Afflicted children are risk stratified into low-, intermediate-, and highrisk disease, depending on their age at diagnosis, stage at presentation, and biologic characteristics. MYCN-amplification status is a feature of highrisk tumors that is present in ;30% of all neuroblastomas.
2 N-MYC is a critical driver of neuroblastoma progression by promoting angiogenesis, metastasis, chemoresistance, genomic instability, and aerobic glycolysis and has been shown to be sufficient for spontaneous neuroblastoma like tumor formation in both murine and zebrafish animal models.
protumorigenic effects of MYC. 7 MYC is a critical mediator of aerobic glycolysis, a phenomenon also known as the Warburg effect, whereby cancer cells preferentially utilize glycolysis over mitochondrial respiration even in the presence of adequate oxygen tension. 4, 5, 8 MYC promotes aerobic glycolysis by promoting the transcription of key glycolytic genes, including GLUT1, HK2, PDK1, and LDHA. 8 Despite the critical role of the MYC family in neuroblastoma, few studies have evaluated the role of aerobic glycolysis in neuroblastoma tumorigenesis.
Gossypol is an antimalarial compound derived from cottonseed that nonselectively inhibits LDH and other NAD+ -binding enzymes, including GAPDH. 8, 9 FX11 (3-dihydroxy-6-methyl-7-[phenylmethyl]-4-propylnaphthalene-1-carboxylic acid) is a gossypol derivative that demonstrates selectivity for LDHA (K i = 8 mM).
9,10 FX11 inhibits LDHA and demonstrates preclinical efficacy in lymphoma, pancreatic, and prostate cancer. 10, 11 Whether FX11 could serve as an inhibitor of neuroblastoma progression, however, has not been explored.
Given the critical role of MYC in neuroblastoma progression, we hypothesized that inhibition of aerobic glycolysis using the LDHA antagonist FX11 would block neuroblastoma growth.
MATERIALS AND METHODS
Antibodies and reagents. Primary antibodies for C-MYC and Caspase 3 were obtained from Cell Signaling Technology, Inc (Danvers, MA). LDHA and PARP primary antibodies were from Abcam plc (Cambridge, MA). N-MYC antibodies were from Santa Cruz Biotechnology Inc (Dallas, TX), and b-actin was obtained from Sigma Aldrich Corp. (St. Louis, MO). FX11 was purchased from EMD Millipore Corporation (Calbiochem; Billerica, MA), dissolved in dimethyl sulfoxide, and further diluted in culture media to desired concentrations. All other reagents were obtained from Sigma.
Cell culture. The neuroblastoma cell line, LAN-1, was a gift from Dr. Robert C. Seeger (University of Southern California, Los Angeles, CA). All other neuroblastoma cell lines (BE [2] -C, BE[2]-M17, IMR-32, SK-N-SH, SH-SY5Y, SK-N-AS, and SK-N-DZ) were purchased from the American Type Culture Collection (Manassas, VA). Cells were maintained in RPMI 1640 with glutamine and 10% FBS at 378C in a humidified atmosphere consisting of 5% CO 2 and 95% air.
Cell viability assay. Neuroblastoma cells were seeded onto 96-well plates at equivalent density (ranging from 3 3 10 3 to 10 3 10 3 depending upon cell line) in RPMI culture medium with 10% FBS. Cells were permitted to attach overnight and were treated with either FX11 (10 or 20 mM) or vehicle control daily. Cell viability measurements using the Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc, Rockville, MD) were obtained daily.
Immunoblotting. Whole cell lysates were collected from neuroblastoma cells using cell lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 1% sodium deoxycholate, 1% Triton X-100, aprotinin, leupeptin, and 1 mM sodium orthovanadate) supplemented with proteinase inhibitors (Roche Diagnostics Corp., Indianapolis, IN). Phenylmethylsulfonyl fluoride (1 mM) was added immediately prior to use. Protein (30-50 mg) was run on an sodium dodecyl sulfate polyacrylamide gel, transferred onto a polyvinylidene difluoride membrane, and probed with antibodies. Blots were developed using an enhanced chemiluminescence system (Perkin Elmer, Waltham, MA).
Measurement of lactate production. Extracellular L(+)-lactate production was measured in accordance with manufacturer's protocol from BioVision, Inc (Milpitas, CA). Specifically, an equal number of neuroblastoma cells (1 3 10 6 to 2 3 10 6 cells) were plated and permitted to attach overnight in standard media. Attached cells were then treated with FX11 (10 or 20 mM) or vehicle control (v/v%) dissolved in RPMI 1640 with 1% FBS in accordance with manufacturer's recommendations. After 24 hours of incubation, the supernatant was collected and deproteinized using a 10kDa spin column (Vivaspin; Sigma Aldrich). Colorimetric absorbance was measured at 570 nM after a 30-minute incubation, and background absorbance was subtracted from sample readings.
Cell cycle analysis. Cell cycle distribution was analyzed using flow cytometry with propidium iodide (Sigma Aldrich). Neuroblastoma cells were plated at equal numbers (1 3 10 6 to 2 3 10 6 cells) and treated daily with either FX11 (10 mM) or vehicle control. At 72 hours of treatment, cells were trypsinized, washed once with phosphatebuffered saline, and fixed in 70% ethanol. Fixed cells were washed with phosphate-buffered saline, incubated with 100 mg/mL RNAase for 30 minutes at 378C, stained with propidium iodide (50 mg/ mL), and analyzed on a 3-laser BD LSRII (BD Biosciences, San Jose, CA). Flow cytometry experiments were performed in the VMC Flow Cytometry Shared Resource.
Statistical analysis. For in vitro experiments, conditions were compared using the Student t test or 1-way analysis of variance with Tukey correction for 2 or $3 group experiments, respectively.
RESULTS
Basal MYC protein levels failed to correlate with LDHA expression. The MYC family of oncogenic transcription factors is a critical driver of aerobic glycolysis that promotes the expression of key glycolytic enzymes, including LDHA. 8, 12 N-MYC has previously been shown to be a critical driver of LDHA expression with MYCN amplification associated with increased LDHA mRNA levels in tumors and RNA interference of MYCN abrogating LDHA expression. (Fig 1, A;  Supplemental Fig) . These findings suggest that LDHA is frequently highly expressed in neuroblastoma cell lines, and basal protein expression of C-MYC and N-MYC fail to correlate with LDHA expression.
FX11 inhibited aerobic glycolysis in neuroblastoma. We measured the production of lactic acid, the terminal product of glycolysis to demonstrate that FX11 blocks aerobic glycolysis in neuroblastoma cells. We measured extracellular lactate production in a MYCN-single copy, high LDHAexpressing cell line (SK-N-AS), a MYCN-amplified, high-LDHA expressing cell line (LAN-1), and a MYCN-amplified, low-LDHA expressing cell line (BE[2]-C). The secreted lactate was measured from the supernatant after 24 hours of treatment with FX11 (10 mM) or vehicle control in ambient oxygen. FX11 successfully decreased the lactate production in all 3 of the cell lines.
Intriguingly, low-LDHA expressing BE(2)-C cells demonstrated relatively lower lactate inhibition (32%) than the high-LDHA expressing SK-N-AS and LAN-1 cells (89% and 95%) (Fig 1, B) . Of importance, treatment with higher doses of FX11 (20 mM) did not augment levels of lactate inhibition.
Together, these findings demonstrate that FX11 blocked successfully aerobic glycolysis at low micromolar concentrations. FX11 blocks lactate production in neuroblastomas at concentrations (10 mM) comparable with the reported K i of FX11 for LDHA (8 mM), suggesting that FX11 selectively blocks LDHA in our experimental conditions. 10 FX11 inhibited neuroblastoma cell growth. Having demonstrated that FX11 successfully inhibits aerobic glycolysis, we next sought to determine whether FX11 blocks neuroblastoma growth in vitro. We observed decreased cell viability in five cell lines (SK-N-AS, SK-N-SH, IMR-32, LAN-1, and BE[2]-C) using a tetrazolium-based proliferation assay (Fig 2) . The two MYCN-amplified, high-LDHA expressing cell lines (LAN-1, IMR-32 ) and the MYCN-single copy SK-N-AS cell line demonstrated decreased cell viability starting at 48 hours after treatment (P < .05), while inhibition of SK-N-SH and BE(2)-C growth was first noted 72 hours after treatment (P < .05). Notably, all of the MYCN-amplified cell lines experienced a steep drop-off in cell viability between days 3 and 4, which may be suggestive of the onset of cell death (Fig 2) . Treatment with higher doses of FX11 (20 mM) augmented the degree of growth inhibition in both MYCN-amplified and MYCN-single copy cell lines. Given that higher doses of FX11 (20 mM) failed to further enhance the degree of lactate inhibition, these data suggest that additional cell death may be due to off-target or potentially toxic effects of FX11.
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To further test whether FX11 directly altered neuroblastoma cell proliferation, we evaluated cell cycle distribution of treated cells compared with vehicle control. We observed a significant but modest increase in the G1 cell cycle phase in all of the tested cell lines, ranging from a 2-11% increase in the G1 cell population compared with vehicle-treated controls, with MYCN-amplified BE(2)-C and LAN-1 cells demonstrating the largest G1 cell cycle arrest (Fig 3) . Four of the 5 tested neuroblastoma cell lines (BE [2] -C, LAN-1, SK-N-SH, and SK-N-AS) demonstrated a significant decrease in the S-phase population, ranging from a 2-7% decrease in S-phase population (Fig 3) . Taken together, these findings suggest that a low micromolar concentration (10 mM) of FX11 blocks progression through the cell cycle with a resultant decrease in overall cellular proliferation.
FX11 selectively initiated apoptosis in neuroblastomas. Given the dramatic decrease in cell viability observed in the MYCN-amplified cell lines observed between days 3 and 4 of FX11 treatment (Fig 2) , we hypothesized that FX11 may also induce apoptosis in neuroblastoma cells. PARP (89 kDa) and Caspase 3 (17/19 kDa) cleavage products were our markers of apoptosis. These apoptotic markers were visualized by Western blotting at 24-, 48-, 72-, and 96-hour intervals after treatment with either FX11 (10 mM) or vehicle control. Caspase 3 and PARP cleavage was noted at 72 hours in all of the MYCN-amplified cell lines and in the MYCN-single copy SK-N-SH cell line (Fig 4) . No PARP or Caspase 3 cleavage products were noted in the SK-N-AS cell line, suggesting these cells fail to undergo significant apoptosis in the presence of FX11 (Fig 4) . Thus, FX11 induces apoptosis in neuroblastoma cells at low micromolar doses.
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DISCUSSION
The MYC family of oncogenic transcription factors are critical drivers of neuroblastoma transformation and promote aerobic glycolysis by enhancing the expression of LDHA. 4 Elevated serum lactate dehydrogenase (LDH) is a poor prognostic factor in neuroblastoma with a reported pooled hazard ratio of 3.36 for overall survival (1.72-6.57).
14 LDH is a key regulatory enzyme in glycolysis that facilitates the interconversion of pyruvate and lactate. It is composed of 4 subunits encoded by two genes LDHA and LDHB that assemble into 5 different isoenzymes (LDHB 4 , LDHA 1 B 3 , LDHA 2 B 2 , LDHA 3 B 1 , and LDHA 4 ). 8 LDHA subunits catalyze the reduction of pyruvate to lactate, while LDHB subunits facilitate the reverse reaction, whereby lactate is oxidized to pyruvate with NAD+ serving as the electron recipient. 8, 12 Thus, LDHA-containing tetramers favor glycolysis by promoting the production of lactate. A previous report by Qing et al 13 utilizing RNA interference demonstrated that N-MYC regulates LDHA expression. Furthermore, LDHA mRNA levels were found to be increased in high-risk, MYCN-amplified neuroblastomas as compared with high-risk, MYCN-single copy tumors, suggesting that LDHA is a potential therapeutic target for MYCN-amplified neuroblastomas. 13 In our present study, we have demonstrated that the LDHA antagonist FX11 inhibits aerobic glycolysis and induces cell cycle arrest and apoptosis in both MYCN-single copy and MYCN-amplified cell lines. FX11 has previously demonstrated preclinical efficacy in lymphoma, pancreatic, osteosarcoma and prostate cancer. 11, 13 In the present study, we demonstrated that FX11 inhibits aerobic glycolysis at low micromolar concentrations in neuroblastoma cell lines (10 mM) that are comparable to its K i for LDHA (8 mM) , suggesting that our experimental conditions selectively inhibited LDHA.
The potency of FX11 in blocking the in vitro growth of neuroblastoma cell lines is comparable to prior reports in pancreatic cancer, lymphoma, prostate cancer, and pediatric osteosarcoma. 10, 11, 15 Increasing the dose of FX11 (20 mM) enhanced blockade of neuroblastoma cell line growth but failed to enhance the blockade of lactate production beyond that observed at lower doses (10 mM). These findings suggest that FX11 (20 mM) initiates either off-target or cytotoxic effects with treatments at higher concentrations. No specific off-target effects have been reported in other trials with FX11, but the compound has been reported to be well tolerated in murine xenograft models. 10, 11, 15 A clear limitation of the present study is the use of in vitro culture conditions and neuroblastoma cell lines to evaluate the role of FX11 in both the evaluation of its ability to inhibit aerobic glycolysis and alter neuroblastoma growth and cell death. While in vitro conditions facilitate precise metabolic measurements, such as aerobic lactate production, as potential measures of metabolic flux, it is unknown whether such conditions accurately reflect intratumoral conditions.
In the present model, we note consistently high levels of LDHA protein expression across 6 of the 8 tested cell lines, but low levels of LDHA protein expression were noted in 2 of the MYCN-amplified cell lines (BE Overall, these findings support the assertion of Qing et al 13 that MYCN-amplified neuroblastomas express high levels of LDHA and are susceptible to LDHA RNA interference. This previous study, however, did not evaluate the role of LDHA inhibition in MYCN-single copy neuroblastomas. Herein, we assert that both MYCN-amplified and MYCN-single copy neuroblastomas may be sensitive to LDHA inhibition, as both are capable of expressing high levels of LDHA protein levels, and we have demonstrated in vitro sensitivity of SK-N-SH cell lines to FX11 at low micromolar doses.
Overall, we have demonstrated, in conjunction with previous works, that LDHA is a potential target for the development of novel neuroblastoma anticancer strategies. Germline mutations in LDHA have been reported demonstrating loss of LDHA protein expression associated only with mild exertional myopathy, highlighting the potential therapeutic window of specific LDHA inhibitors. 16, 17 Ongoing drug development efforts have been devoted to the identification of increasingly specific LDHA inhibitors, and our findings support efforts to evaluate the preclinical efficacy of novel LDHA antagonists in both MYCN-amplified and MYCN-single copy neuroblastomas. 
